IADE was reported to be associated with pathology-defined cerebral small vessel disease (CSVD; ie, sclerosis, hyalinosis, or lipohyalinosis), 2 and multiple neuroimaging markers of CSVD (ie, multilacunes, leukoaraiosis, and état criblé) 3 in patients with stroke. Intracranial carotid artery calcification, a proxy of intracranial atherosclerosis, is also associated with cerebral infarcts, white matter lesions, and brain atrophy in the Rotterdam population study. 4, 5 From the perspective of CSVD, despite lacunes, white matter hyperintensities (WMH), cerebral microbleeds (CMB), dilated perivascular spaces (PVS), and brain atrophy being all regarded as signs of CSVD on magnetic resonance Background and Purpose-Intracranial arterial dolichoectasia (IADE) is a poorly understood arteriopathy compared with intracranial atherosclerotic stenosis (ICAS). We aimed to investigate the risk factors of IADE and ICAS and their relationship with neuroimaging markers of cerebral small vessel disease in a population-based study. Methods-This study comprised 1237 participants (aged 57.2±9.4 years, 37.6% men) who underwent brain magnetic resonance imaging and magnetic resonance angiography. IADE was assessed based on basilar artery dolichoectasia (diameter, height of bifurcation, and laterality of basilar artery) and dilation of basilar artery and internal carotid artery (intracranial volume-adjusted diameter ≥2 SD). ICAS was defined as any degree of stenosis in at least 1 intracranial artery. The neuroimaging markers of cerebral small vessel disease, including lacunes, white matter hyperintensities, microbleeds, dilated perivascular spaces, and brain atrophy, were evaluated. 
I
ntracranial arterial dolichoectasia (IADE) and intracranial atherosclerotic stenosis (ICAS) are 2 distinct geometric changes of intracranial large arteries. IADE is a dilative arteriopathy primarily involving rarefaction of the elastic tissue of the tunica media and fragmentation of the internal elastic lamina, whereas ICAS is a stenotic arteriopathy primarily involving lipid infiltration and an inflammatory process of the arterial intima. 1 The disparate pathophysiological changes of arterial walls imply that IADE and ICAS may have different risk factors, and may be related to distinct downstream arteriolar lesions.
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imaging (MRI), 6 the underlying mechanisms of these neuroimaging features may be different. 7 How the 2 distinct intracranial arteriopathies, IADE and ICAS, correlate with different imaging markers of CSVD has not been well investigated.
We aimed to investigate the risk factors of IADE and ICAS and explore the association of these 2 large-artery geometric changes with different neuroimaging phenotypes of CSVD in a population-based sample.
Methods Population
The data that support the findings of this study are available from the corresponding author on reasonable request. The present study was a cross-sectional analysis of an ongoing community-based Shunyi cohort study in China, designed to investigate the risk factors of cardiovascular and age-related diseases. All inhabitants aged 35 years and older, living in 5 villages of Shunyi, a suburb district of Beijing, were invited. From June 2013 to April 2016, 1586 individuals participated and standard baseline assessments were undertaken. All participants were invited for MRI examination. Among those, 329 participates refused or had contraindications of MRI (cardiac pacemaker, coronary and peripheral artery stents, metal implants, or claustrophobia). Thus, 1257 participants (79%) underwent brain MRI. Seven subjects were excluded because of missing magnetic resonance angiography (MRA) data, and 13 participants were excluded because of incomplete baseline assessment. The final analysis was performed based on 1237 subjects. The study was approved by the Ethical Committee at Peking Union Medical College Hospital (reference number: B-160). Written informed consent was obtained from all participants.
Brain MRI was obtained from a single 3-T Skyra scanner (Siemens, Erlangen, Germany). Detailed MRI protocols are shown in the online-only Data Supplement.
Assessment of Intracranial Arteries

Intracranial Arterial Dolichoectasia
Diameters of basilar artery (BA) and internal carotid artery (ICA) and basilar artery dolichoectasia (BADE) were assessed on time-of-flight MRA (TOF-MRA) to evaluate IADE (Figure) .
Dilation of Intracranial Arteries
The maximum diameter of BA and the bilateral ICA at the vertical portion of cavernous segmentation (C4, Bouthillier classification 8 ) were measured on MRA (Figure [A] ). When stenosis was present in the measured artery, the nonstenotic segment or the least stenotic segment was selected for measurement. The minor axis in cross-section was recorded as the diameter for arteries extending obliquely. Given that total intracranial volume (TIV) was a determinant of intracranial arterial diameters, arteries with TIV-adjusted diameter ≥2 SD above the population mean were considered to be dilated. 9 In the present study, dilation of intracranial arteries was defined as ICA or BA having TIV-adjusted diameter ≥2 SD.
Basilar Artery Dolichoectasia
In addition to the diameter of BA, the lateral displacement of BA ( Figure  [C] ) and the height of BA bifurcation (Figure [D] ; Figure I in the onlineonly Data Supplement) were also evaluated on MRA. 10 The laterality of BA was scored as 0 (midline), 1 (medial to lateral margin of clivus or dorsum sellae), 2 (lateral to lateral margin of clivus or dorsum sellae), and 3 (in cerebellopontine angle cistern). The height of BA bifurcation was scored as 0 (at or below the dorsum sellae), 1 (within the suprasellar cistern), 2 (at level of third ventricle floor), and 3 (indenting and elevating the floor of the third ventricle). BADE was defined as BA diameter >4.5 mm, laterality score >2, or height of bifurcation score >2.
Intracranial Atherosclerotic Stenosis
Arterial stenosis was assessed at the site of the most severe degree of stenosis on MRA using established criteria. 11 ICAS was defined as any degree stenosis in at least one of the following arteries: ICA, middle cerebral artery, anterior cerebral artery, intracranial segment of vertebral artery, BA, and posterior cerebral artery.
Assessment of MRI Markers of CSVD
All imaging markers of CSVD were defined according to the Standards for Reporting Vascular Changes on Neuroimaging. 6 Briefly, lacunes were defined as focal fluid-filled cavities of 3 to 15 mm in diameter situated in the basal ganglia (BG), subcortical white matter (WM), or brain stem. Severity of dilated PVS in the BG (PVS-BG) and WM (PVS-WM) was rated using a previously established 4-level severity score on 3-dimensional T1-weighted images. 12 CMBs were defined as small, round, or ovoid hypointense lesions on susceptibility weighted imaging.
The gray matter (GM), WM, and cerebrospinal fluid were automatically segmented on structure T1-weighted images using Statistical Parametric Mapping 12 (http://www.fil.ion.ucl.ac.uk/spm/) and CAT12 toolbox (http://www.neuro.uni-jena.de/vbm/). TIV was computed as the sum of the volumes of gray matter, WM, and cerebrospinal fluid. Brain parenchymal fraction (BPF), as a surrogate index of brain atrophy, was the ratio of brain tissue volume (gray matter+WM) to TIV. WMH were automatically segmented by the lesion growth algorithm as implemented in the lesion segmentation tool (LST) toolbox (http://www. statistical-modelling.de/lst.html) for Statistical Parametric Mapping at 13 Ninety-five participants with unreliable structural segmentation on T1-weighted images (eg, inadequate imaging quality or motion artifacts) were excluded in the analysis involving BPF. One hundred and thirty-two participants, who had inadequate T1-weighted or fluidattenuated inversion recovery images and therefore unreliable WMH volume, were excluded in the analysis involving WMH volume.
Trained physicians who were blind to all clinical data rated IADE, ICAS, lacunes, PVS, and CMB independently. The intrarater agreements were assessed on a random sample of 50 individuals with >1-month interval between the first and second readings. The results of the intrarater agreement were as follows: the intraclass correlation coefficient was 0.95 for BA diameter, 0.96 for ICA diameter; weighted κ coefficient was 0.63 for laterality of BA, 0.73 for height of BA bifurcation, 0.75 for PVS-BG, and 0.67 for PVS-WM; and κ coefficient was 0.95 for lacunes, 0.90 for CMB. For automatic segmentation of WMH using the LST toolbox, the Dice coefficient was 0.62 at threshold κ=0.15 when compared with manual segmentation.
Assessment of Covariates
Blood pressure was measured 3× and the mean value was used. Diabetes mellitus was defined as fasting serum glucose ≥7.0 mmol/L, self-reported diabetes mellitus, or use of oral antidiabetic drugs or insulin. Smoking status was classified into current smoking (at least within past 1 month) and noncurrent smoking.
Statistical Analysis
We compared the clinical and neuroimaging characteristics between groups using t test (for means), Wilcoxon rank-sum test (for medians), and χ 2 test (for percentage). Furthermore, we applied multivariable regression models to investigate potential independent risk factors of IADE and ICAS. Candidate risk factors, selected based on medical knowledge and previous reports, included age, sex, and conventional vascular risk factors (ie, current smoking, body mass index, systolic blood pressure, antihypertensive treatment, diabetes mellitus, HDL-C (high-density lipoprotein cholesterol), LDL-C (low-density lipoprotein cholesterol), and lowering-lipid medication).
The associations between MRI markers of CSVD (dependent variables) and IADE or ICAS (independent variables) were investigated using binary logistic regression (for presence of lacunes and CMB), ordinal logistic regression (for PVS severity), and linear regression models (for WMH volume and BPF). WMH volume was natural log transformed to normalize the skewness. Severity of PVS was trichotomized because of the small number of participants with degree 4 PVS (mild [degree 1]; moderate [degree 2]; severe [degree 3 and 4]). All multivariable regression models were initially adjusted for age and sex, and then additionally adjusted for vascular risk factors as previously mentioned. Because both lacunes and WMH were related to brain atrophy, we additionally adjusted for lacunes and WMH volume in BPF models. In ordinal logistic regression, the odds ratio (OR) was based on the cumulative logit assuming proportional odds. The score test for the proportional odds assumption was not statistically significant, indicating that this assumption was acceptable.
Because there was no accepted cutoff for intracranial arterial dilation, the diameters of BA and ICA were entered into the models as continuous variables to assess the validation of our findings. In addition, because arterial atherosclerosis interfered the diameter measurement, we also performed sensitivity analysis confined to participants without ICAS.
All analyses were performed using SAS 9.4 (SAS Institute, Cary, NC), and 2-sided P values of <0.05 (uncorrected) were considered as statistically significant. The threshold for statistical significance after Bonferroni correction for multiple comparisons was set at a P value <0.0028 (6 CSVD markers×3 arterial parameters).
Results
A total of 1237 participants were included in the present analysis, and the mean age was 57.2 years (SD, 9.4).
Forty-five (3.6%) participants had BADE, and 67 (5.9%) participants had BA or ICA dilation. The prevalence of ICAS in at least 1 artery was 15.7% (194/1237). Other clinical and neuroimaging characteristics are displayed in Tables 1 and 2 .
Compared with participants who had adequate imaging quality for automatic brain structural segmentation, those with inadequate quality (n=95, missing BPF and dilation status) were more likely to be men (56.8% versus 36.0%), and current smokers (36.8% versus 22.2%). No significant difference was found with regard to age, systolic blood pressure, diabetes mellitus, and LDL and HDL cholesterol levels.
Risk Factors of IADE and ICAS
As shown in Table 1 , participants with arterial dilation or BADE were older, and no other vascular risk factors significantly differed between the IADE and non-IADE groups. Conversely, participants with ICAS, on average, had heavier burden of vascular risk factors than those without ICAS. In multivariable regressions, aging, higher systolic blood pressure, antihypertensive therapy, diabetes mellitus, higher LDL-C, and lower HDL-C were associated with the presence of ICAS (all P<0.001), whereas aging was the only significant risk factor of arterial dilation and BADE (Table I in the onlineonly Data Supplement).
When BA and ICA diameters were regarded as continuous variables, aging and larger TIV were related to larger arterial diameters. Conventional vascular risk factors, including increased systolic blood pressure, diabetes mellitus, and increased LDL-C, were related to narrowing of ICA or BA (Table II in Table 3 ). When the diameters of BA and ICA were regarded as continuous variables, increased BA and ICA diameters were associated with severe PVS (Table III in the online-only Data Supplement).
Association of IADE and ICAS With CSVD
Because both lacunes and WMH were related to brain atrophy, we additionally adjusted for lacunes and WMH volume in BPF models. The association between ICAS and BPF attenuated but still significant (β±SE, −0.007±0.002; P<0.001), whereas the association between BADE and BPF became no longer significant (β±SE, −0.003±0.003; P=0.33). The association of ICAS with lacunes, WMH volumes, and BPF withstood Bonferroni correction for multiple comparisons, whereas the association of BADE and PVS in the BG could not (Table 3 ). In sensitivity analysis confined to BA indicates basilar artery; BADE, basilar arterial dolichoectasia; IADE, intracranial arterial dolichoectasia; ICA, internal carotid artery; ICAS, intracranial atherosclerotic stenosis; IQR, interquartile range; PVS, perivascular spaces; SBP, systolic blood pressure; and WMH, white matter hyperintensities.
*Ninety-five participants had missing data on dilation status and brain parenchymal fraction because of inadequate quality of T1-weighted images for automatic structural segmentation.
†Differences (P<0.05) between groups were compared using the t test (for means), Wilcoxon rank-sum test (for medians), and χ 2 test (for percentages). ‡One hundred and thirty-two participants had missing WMH volume because of inadequate quality of T1-weighted or fluid-attenuated inversion recovery images for automatic WMH segmentation.
§Five participants had missing PVS scores because of inadequate imaging quality for visual assessment.
Discussion
In the population-based sample, we found that IADE and ICAS had different vascular risk factor profiles. Conventional vascular risk factors, such as higher systolic blood pressure, diabetes mellitus, higher LDL-C, and lower HDL-C were all significantly associated with ICAS, whereas seldom was associated with IADE. Furthermore, ICAS and IADE correlated with different neuroimaging markers of cerebral small vessel disease. ICAS was associated with lacunes, severe WMH and brain atrophy, whereas IADE was mainly associated with PVS dilation and, to a lesser extent, associated with lacunes and microbleeds. In the present study, conventional risk factors of atherosclerosis were significantly associated with ICAS, but not with IADE. Similar to our findings, a postmortem study in patients with stroke demonstrated that IADE was only associated with older age, but not with other vascular risk factors. 2 A clinical series also found that IADE was not related to carotid plaque and intima-media thickness.
14 On microscopic examination, IADE primarily involves rarefaction of the elastic tissue in the tunica media, whereas ICAS involves lipid infiltration in the arterial intima, 1 which may partly explain the different risk factor profiles of IADE and ICAS.
The prevalence of IADE in our population-based sample was lower than that in patients with stroke in previous studies. 14, 15 This discrepancy can be explained by the definition of dolichoectasia and the selected study sample. Pico et al 14 assessed intracranial large arteries using visual impression.
Thijs et al 15 defined BADE based on the maximum diameter of BA and its deviation from the midline. In the present study, ICA or BA dilation was defined as TIV-adjusted diameter ≥2 SD above the population mean, in view of the findings that TIV was a determinant of intracranial arterial diameter. 9 The Northern Manhattan study showed that the prevalence of dolichoectasia varies greatly by method (18.8% BADE using visual assessment versus 4.3% BADE using head size-adjusted arterial diameter ≥2 SD). 9 Therefore, different definitions present an important challenge to compare results among different studies. Moreover, selected populations were also responsible for this discrepancy. BA dilation was reported to be associated with cerebrovascular mortality 16 and cardiovascular events, 17 which account for the higher prevalence of IADE in patients with stroke than in general population.
Our study found that ICAS was associated with ischemic imaging markers of CSVD, including lacunes, WMH, and brain atrophy. These findings are in line with previous studies. 4, 18 Although lacunes and WMH are regarded as markers of CSVD, obstruction of perforating arteries by atherosclerotic plaques in large arteries and artery-to-artery embolism are also widely accepted as causes of small infarctions. Those small lesions may eventually result in lacunes or WMH in their chronic stage. 7 Furthermore, large-vessel atherosclerosis may coexist with intrinsic small vessel disease.
IADE has been suggested to be a part of systemic dilatative arteriopathy, 19, 20 which also involves perforating arteries. 3 In patients with stroke, IADE was reported to be associated with pathology-defined CSVD (ie, sclerosis, hyalinosis, or lipohyalinosis of small arteries <300 µm and arterioles) 2 and neuroimaging markers of CSVD (ie, multilacunes, leukoaraiosis, and état criblé). 3 Park et al 21 also found that vertebrobasilar dolichoectasia was associated with CMBs, particular in the posterior circulation area. A recent study conducted in young patients with transient ischemic attack and stroke revealed that BADE was associated with lacunar infarctions, severe WMH, and microbleeds. 15 Another study conducted in community-dwelling older adults showed that BADE was associated with WMH and CMBs, but not with lacunes and dilated PVS. 22 In the present community-based study, we found that IADE was significantly associated with PVS dilation and, to a lesser extent, associated with lacunes and microbleeds. The associations of IADE with lacunes and microbleeds become more significant after excluding individuals with ICAS. As discussed before, the definition of IADE and the characteristics of the selected study sample may be responsible for the discrepancies. Further studies with uniform definition and involving different populations are needed.
There are several limitations to be addressed. First, the present study is a cross-sectional analysis, which does not allow for causal inferences. Second, MRA could not visualize the arterial wall. Thus, the lumen-based measurement may have underestimated both atherosclerotic burden and plaquerelated outward remodeling. Third, the Chinese population has a higher proportion of ICAS, which limits generalization to other ethnic groups. Fourth, we did not assess the anatomic variation of the circle of Willis, which was reported to be a determinant of IADE. 23 Fifth, because each imaging marker of CSVD or IADE was assessed by a single physician, we only focused on the intrarater reliability and did not evaluate the interrater agreement in the present study.
We found that 2 geometric changes of intracranial large arteries, IADE and ICAS, had different risk factor profiles and were related to different neuroimaging markers of CSVD. Our findings provided more evidence that ICAS and IADE are 2 distinct artery changes.
